Willumeit, R.; Schuster, A.; Iliev, P.; Linser, S.; Feyerabend, F.: 
Introduction
VPS-Ti discs and 2-fold redundant assays for mirror polished Ti6Al7Nb discs and porous Ti6Al4V (LDC) culture substrate. 5 x 10 4 cells in 30 µL medium were applied to the carriers in agarose-coated wells to minimize adhesion to TCP. After 30 minutes to allow initial adhesion, the carriers were covered with 2 ml DMEM. The specimen were incubated at 37°
C in an atmosphere of 5% CO 2 and 100% humidity for two days before MTT assays were performed.
MG-63 viability on lipid coated TCP was measured in 96-well plates (8 replicates). 1 x 10 3 cells were seeded per well and incubated for 24 and 48 hours, respectively. Thereafter,
MTT-assays were performed as described below.
Macrophage experiments
The mouse macrophage cell line RAW 264.7 was used to determine immunogenic cell response to the used lipids. The cell line was cultured for about ten days with medium change every other day in DMEM low glucose (Invitrogen Corp., Karlsbad, USA) with 10 % FCS (PAA Laboratories, Linz, Austria), 1% penicillin and 100 µg/mL streptomycin Cell adhesion on mirror polished Ti and lipid covered surfaces was analyzed by the application of 1 x 10 5 cells per carrier in 30 µL medium. After 2 hours of incubation the cell adhesion protocol (see above) was performed. The assay was performed with 6 replicates per treatment.
The macrophage viability was analyzed on TCP, mirror polished Ti, porous Ti6Al4V (LDC) and lipid covered surfaces (6 to 8-fold replicates per experiment). In TCP experiments cells were applied to 96-well plates in a density of 1 x 10 3 cells / well and incubated for 48 hours.
Then, the MTT-assay was performed as described. The viability measurements on metallic materials and lipid coatings were performed similar to the procedure described for MG-63 cells.
The activation of the macrophages as a reaction to the different materials and coatings was determined by the release of the inflammatory cytokines tumor necrosis factor  (TNF-)
and interleukin 1 (IL-1) into the cell culture supernatant. The concentrations of these cytokines were determined by enzyme-linked immunosorbent assays (ELISA). For TNF- the Quantikine Mouse TNF-/TNFSF1A-Kit, for IL-1 the Quantikine mouse IL-1/IL-1F1-Kit (R&D-systems, Minneapolis, USA) was used according to the manufacturers instructions.
The supernatants were obtained from samples prior to MTT-measurements. Each sample was measured in 4 independent replicates. A treatment with 1 µg/µL lipolysaccharide (LPS) served as positive control, as it is known to stimulate the cytokine production in macrophages [25] .
MTT-assay for viability
Viability was analysed by the cell proliferation kit MTT (Roche Diagnostics GmbH, Mannheim, Germany). The MTT-assay is based on the cleavage of the yellow tetrazolium salt MTT (methylthiazolyldiphenyl-tetrazolium bromide) into purple formazan by metabolically active cells. In brief, cells were cultured for two days on the carriers in agarose-coated 12-well plates with 2 mL of the cell-type specific medium. 1 mL of the supernatant was discarded and 100 µL of the MTT-solution (5 mg/mL MTT in PBS) was added. After an incubation period of 5 hours the cells were lysed and the formazan crystals solubilized by adding 1 mL solubilization solution and incubation overnight in a humidified atmosphere (37° C, 5% CO 2 ). The solubilized formazan product was photometrically quantified using an ELISA reader (Tecan Sunrise, TECAN Deutschland GmbH, Crailsheim, Germany) at 570 nm with a reference wavelength of 655 nm.
The protocol was adjusted for the examinations of lipids coated on TCP, which were performed in 96-well plates. Here, the cells were incubated for 24 to 48 hours with 100 µL medium, afterwards 10 µL of the MTT-solution and 100 µL of solubilization solution were added.
Bacterial interaction
The Gram negative bacteria Escherichia coli strain K-12 (ATCC 23716) and two Gram positive bacteria Staphylococcus carnosus (ATCC 51365) and Bacillus subtilis (ATCC 6051) were used for these investigations. The bacteria were cultivated on agar plates at 37°C for 24 h. Then one colony was picked from the plate with an inoculating loop and suspended in the respective medium to grow overnight at 37°C. The bacteria were inoculated again in medium and kept growing shaking at 37°C to reach the log-phase.
Within 2 to 4 hours the extinction at 600 nm wavelength was photometrically measured (Helios photometer, Thermo Spectronic, Waltham, USA) to determine the density of bacteria. It was experimentally determined that for an OD 600 of 0.1 to 0.2 the bacteria reached the log-phase. Bacto Agar dissolved in 1000 mL NM.
Influence of phospholipids on bacterial growth
A volume of 1 mL respective medium was inoculated with 100 CFU of log-phase bacteria.
POPC, POPE, POPS and POPG vesicles were prepared in double distilled water and added to the bacteria in final concentrations of 10 µM (total volume 10 µL), 100 µM (total volume 100 µL) and 1mM (total volume 10 µL). As control 100µL double distilled water was added to the bacteria. The suspensions were incubated shaking at 37°C overnight and the amount of bacteria was determined photometrically in terms of OD 600 (Helios photometer, Thermo Spectronic, Waltham, USA).
SEM characterization of bacterial adhesion on mirror polished, lipid covered Ti6Al7Nb
Native and POPE, POPC and POPG coated Ti6Al7Nb carriers were incubated with 100 CFU of log-phase bacteria in 1 mL medium and incubated over night at 37°C. Following the overnight incubation the mirror polished Ti6Al7Nb specimen were removed from the wells and washed twice with PBS. They were fixed in 2.5 % glutaraldehyde (Sigma-Aldrich Chemie, Steinheim, Germany) overnight, and counterstained in osmium tetroxide for 30 min. Afterwards, the probes were dehydrated in a graded isopropanol series -20 %, 40 %, 60 %, 80 % and 100 %, respectively for 1 hour in each concentration. All steps were performed at room temperature. Samples were critical point dried (CPD) with a Baltec CPD Here the general tendency of cell attachment was more influenced by the roughness of the substrate than the applied lipid, although a weakly positive effect of POPE was found. 
Influence of phospholipids on macrophage viability
The influence of the phospholipids on the viability of RAW 264.7 was evaluated by an MTT assay after 48 hours on lipid covered TCP in order to separate the influence of the metal morphology from the lipid influence. As it can be seen in Figure For IL-1 out of 58 samples in total only 20 exhibited a measurable O.D., which was for all samples below the minimum standard of 4.6875 pg/mL. As the minimum detectable dose is in the range of 2.5 pg/mL, these values were regarded as non-detectable. The treatment with LPS again led to very high values (521 ± 21 pg/mL).
Bacteria interaction with phospholipids
Bacterial infections are one of the major reasons for implant removal. Therefore the interaction of bacteria with lipid vesicles and lipid covered mirror polished Ti6Al7Nb discs was tested and compared with the bacterial interaction or attachment to a native surface.
As test systems Gram negative E. coli (K-12 (ATCC 23716)) and Gram positive S. carnosus
(ATCC 51365) and B. subtilis (ATCC 6051) bacteria were chosen.
To evaluate the influence of phospholipids on bacterial growth, different lipid concentrations were applied to the bacterial growth medium (Fig. 9 ). Lipid concentrations typical for lipid covered samples, which is 15 µM if 30 µL of a 1 mM lipid solution would be dissolved completely in 1 mL growth medium, did not induce a considerable effect. For high concentrations (1 mM) a noteworthy improvement of bacterial growth was found upon addition of POPC and POPG, while this effect was not as pronounced for POPE and POPS.
Gram positive bacteria showed a stronger reaction (1.1 -1.3 fold more absorption) on the lipid vesicles than E. coli bacteria.
The direct analysis of E. coli adhesion on mirror polished lipid covered Ti6Al7Nb surfaces showed in general a reduction of bacterial number in comparison with the uncovered mirror polished Ti6Al7Nb surface (17.5 ± 4.1 bacteria/50 µm 2 ), a positive fact in terms of possible infections (Fig. 10) . The strongest reduction was found for a POPC coating (3.4 ± 2.7 bacteria/50 µm 2 ), followed by POPG and POPE (4.6 ± 2.1 and 8.6 ± 4.5 bacteria/50 µm 2 , respectively). The bacteria are homogeneously distributed on the native surface while they tend to aggregate on the lipid covered surfaces. This is the explanation for the severe 14 variation in standard deviation on lipid covered surfaces: it happened from time to time that on the randomly chosen 24 counting areas no bacteria were found while in others clusters accumulated.
Morphological differences of the bacteria to the ones adhered to native material were found for the POPC and POPG-coating (Fig. 10) . On POPC covered surfaces the bacteria exhibit a cell surface with protrusions while on POPG covered surfaces the bacteria are in general by 35 % smaller (1.17 ± 0.37 µm 2 ) compared to their size on the native surface (1.77 ± 0.24 µm 2 ).
Discussion
The idea to mimic the inert surface of erythrocytes by covering polymeric haemocompatible materials with phospholipid head groups (phosphatidylcholine) is not new [27] . But contrary to these developments aiming at the decrease of cell attachment on polymers, the aim of this study was to evaluate if lipids are suitable as surface coating for metallic implant materials to promote cell adhesion and proliferation.
Even more sophisticated are the attempts to use complete cell membranes as substrate for cell cultivation [28] following the hypothesis that all necessary proteins will be available for cell-surface-interaction. We show in this study that already the appropriate choice of phospholipids is sufficient to promote cell adhesion and proliferation. It should be noted that at this stage we do not address whether this positive influence is correlated with the direct cell-phospholipid-interaction or due to a modification in the adherent protein layer if growth medium is used.
The lipids were chosen such that they resemble the most abundant lipids in eukaryotic membranes (POPC, POPE and POPS). Lipids with a phosphatidylglycerol headgroup are usually not found in eukaryotic cells though it is possible that in specific cell types a very small amount is included in the cell membrane (Table 1) . Therefore the bacterial phospholipid POPG was considered to be a negative control in this study.
The coating of the surfaces was performed in a very simple way by evaporating the solvent of the lipids. As previous studies showed this led to multilamellar bilayer stacks completely covering the growth substrate but loosely bound to the surface [26] . To reduce the exfoliation of excess lipid during the cell experiments all samples were pre-incubated without cells and the supernatant was removed prior to cell seeding.
The stability of the lipid layers is a crucial but not easily answered issue. A measurement of the stability with standard methods (for example peeling tests, AFM) is bound to fail because we are dealing with a liquid crystalline system which will either rearrange itself as a reaction to external forces or give way to single molecules. Still, in a first approach the homogeneity of the coating can be analysed by microscopy.
SEM analysis revealed that the lipid coating was still intact after 2 hours of incubation in PBS but not very homogenous. Despite the optical impression of many uncoated regions (white areas), upon higher magnification still lipid layers are visible. We can distinguish between areas which are relatively thick coated (dark) and those which are less thick coated (grey or white). Regions which appeared to be without coating were not found for a size scale down to micrometers. Since it is not possible to measure single lipid bilayers with SEM due to limited contrast, we can not calculate the average percentage of coated area.
However, the existence of uncoated nano-size areas can not be excluded by these measurements. One might speculate that under such circumstances the cells could still be in contact with the uncoated metallic growth specimen -or rather adherent proteins from the growth medium. These questions are currently under investigation. If we consider that no direct lipid-cell-interaction takes place but that adherent proteins from the growth medium are of some importance, one can hypothesize that these proteins can arrange in a biological active way within the lipid bilayers (which is valid most likely for all lipids) which could be supported in the case of POPG by charge effects. Further studies with defined protein adsorption will be performed to clarify this point. Already at this stage we can conclude from the negative effect of POPS that a combination of direct lipid-cell and protein-mediated cell interaction is the case. Overall the coating of metallic surfaces with phospholipids has a measurable positive effect on MG-63 adhesion and proliferation.
The reduction or avoidance of an inflammatory reaction is highly relevant for implant integration. Two important aspects of this reaction were investigated in this paper: the relationship between lipid coating and lipid-induced activation of macrophages and the bacterial invasion.
The number of adherent mouse macrophages RAW 264.7 was highest when the phospholipid POPC was used while their number dropped to 17-27% for the other lipids which is comparable to the native material. One reason might be that macrophages prefer a relatively smooth lipid coating as it is produced by POPC. This lipid is known to form very well ordered lipid bilayer stacks and did not show the massive bubble formation as the other lipids. In terms of viability all lipids have a negative influence as compared to the negative mirror polished Ti specimen. It is more pronounced on the thicker POPC coating (high initial adhesion and low viability) but also detectable for the other lipids (low initial adhesion and 17-30% lower viability as compared to the native metal). One reason might be the removal of cells during the incubation process together with the loosely bound lipids.
More interesting is the activation of macrophages, here analyzed by the release of TNF-.
For POPC and POPE a response similar to the uncovered material was detected. POPG induces some activation, but not as much as expected if POPG is recognized as a foreign molecule. We see this in agreement with early studies showing that this lipid is abundant in minor amounts also in mammalian cell membranes [32] . A recent study has shown a cytotoxic effect leading to RAW 264.7 apoptosis for dioleoylphosphatidylglycerol (DOPG) used for drug delivery liposomes. The authors conclude, that this is mainly due to the oxidation of the unsaturated acyl chains [33] . However, for POPG this effect should not be as pronounced, because it has only one unsaturated acyl chain.
For POPS a countertendency was found: While the viability went down the production of TNF- went up. This is in agreement with the literature since the presentation of POPS on the outer membrane leaflet of erythrocytes trigger macrophages to phagocyte blood cell or apoptotic cells in general [34] [35] [36] [37] [38] [39] . The observed TNF- concentrations and the LPSstimulated IL-1 production are in good agreement with other studies [40, 41] .
In summary these results show that macrophages are not significantly activated by the lipids POPE and POPC and that their adhesion and proliferation is supported. In this respect lipid covered implant surfaces seem to be feasible.
The interaction of bacteria with lipid covered surfaces is another important aspect. We showed that the growth of Gram positive and negative bacteria is stimulated if the lipid concentration is high enough. This effect is more pronounced for Gram positive strains than compared to E. coli, which might be caused by the missing outer membrane. All bacteria show a slight preference for POPG, which is natural because this lipid is involved in the physiology of the bacteria [42] and an incorporation of PG lipids in the bacterial membranes is most favourable as it was shown for the Gram negative bacteria Haemophilus parainfluenzae [43] . PE lipids, which are also abundant in bacterial cell membranes, are only half as fast incorporated which is reflected in the weaker stimulation of the bacteria in our experiments.
A comparable influence on the bacterial growth was found for POPC (stimulating as POPG)
and POPS (comparable to POPE) which is very unusual because these lipids are not -to our best knowledge -abundant in the membranes of the bacteria tested here. Some bacterial strains can incorporate lipids with PC (for example some Methylotrophs) or PS headgroups (20% in Bordetella pertussis) [44] . Therefore a small chance exists that these lipids are used for the proliferation of the bacteria because of their high availability in our experiments. It is more likely that other aspects of lipid-bacteria interaction have to be considered. We have to take into account that bacteria -if they adhere to host cellsshould either have specific receptors for host cell proteins or their lipids. That the latter could be the case was shown for Streptococcus pneumoniae adherence to type II pneumocytes which was hindered in a competitive reaction due to the strong interaction with DMPC liposomes [45] .
The bacterial stimulation was only achieved for lipid concentrations approximately 100-fold larger than what can be re-dissolved from the lipid covered metallic surface. Therefore no stimulating effect is expected if an implant is lipid covered.
The previously discussed results were obtained for dissolved lipids at high concentrations.
To evaluate how the bacterial adhesion to surfaces is influenced, the number of E. coli bacteria on a lipid covered mirror polished Ti6Al7Nb was measured. All lipids showed a significant reduction of E. coli invasion in comparison with the native mirror polished Ti6Al7Nb. The strongest repulsion was found for POPC which is caused by the general tendency to omit bacterial adhesion [46] . This sounds like a contradiction to the previously described stimulating effect of POPC especially on Gram positive bacteria and the possible explanation by lipid specific adhesion molecules. But it can be explained by the fact that for the lipids attached to the surface a pre-incubation with protein containing growth medium occurred. These proteins also interact with the lipid layer and might create a 'new' surface were only small amounts of lipids are reachable for the bacteria. In addition it is not known if the Gram negative E. coli bacteria possess proteins specific for PC headgroups, and if they do, if these proteins depend on a certain curvature of the host's lipid bilayer which is not present for flat lipid coated surfaces.
The bacterial originated POPG had the second strongest effect on bacterial repulsion which might be due to electrostatic interaction because the lipid covered metallic and the bacterial surfaces are of the same negative charge. The few bacteria adherent on the POPG coated surface were significantly smaller than E. coli on the native TI6Al7Nb. This seems to be an inconsistency to the above mentioned positive effect of POPG on bacterial proliferation but taking into account that in the first case free unilamellar lipid vesicles can interact with the bacteria, the repulsive effect might be overcome by the kinetic energy of the vesicle, a more favorable membrane curvature of the vesicle or an active, protein supported uptake of lipid molecules from the vesicles. For those bacteria adherent to the POPG covered surface it might be that the specific lipids receptors were blocked on the surface because it was not possible to remove the lipid from the uncurved bilayer on the metallic substrate resulting in a change of bacterial morphology.
For POPE, still about 50% of the E. coli bacteria can attach to the surface after 24 hours incubation. As it was shown for EPEC, the enteropathogenic E. coli bacterium [47] a strong interaction between the bacteria and PE-lipids takes place. It could be possible that also the non pathogenic strain used in this study might develop a weak preference for POPE.
In summary we can state that, despite the existing interaction between phospholipids and bacteria which occur only at high concentration of dissolved vesicles, a significant reduction of the bacterial number on a phospholipid covered mirror polished metallic surface is achieved.
Conclusions
Interaction at or in bio-interfaces are complicated processes with many -mostly -unknown parameters. Each cell type has its own metabolism, each organism its own cell membrane Tables   Table 1: The phospholipid 
